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height	 (SSH),	 and	 it	 is	 similar	 to	 the	 SWOT	 (Surface	 Water	 Ocean	 Topography)	
instrument	 that	 will	 be	 deployed	 on	 a	 satellite	 in	 2020.	 	 A	 field	 campaign	 was	
conducted	 in	 April	 2015	 to	 examine	 the	 performance	 of	 AirSWOT	 and	 to	 better	






collection	 of	 Underway	 CTD	 (or	 UCTD)	 measurements	 and	 for	 deployment	 and	
recovery	 of	 three	 EM/APEX	 floats	 in	 a	 study	 area	 off	 the	 central	 California	 coast.		









The	 Shana	Rae	 sailed	 from	 Santa	 Cruz	 Small	 Craft	 Harbor	 at	 1500	 Z	 on	 April	 17,	
2015,	deployed	3	EM‐APEX	profiling	floats	 in	 the	AirSWOT	study	area,	carried	out	
hydrographic	 sampling	with	 the	UCTD,	 recovered	 the	 floats,	 and	 returned	 to	port,	
arriving	 at	 1700	Z	 on	April	 20.	 	 	 A	UCTD	 section	was	 collected	 along	 the	 satellite	




























UCTD:		 Tom	Farrar		 	 jfarrar@whoi.edu	





Science:	 Ben	Hodges	 	 bhodges@whoi.edu	





UCTD	 sampling	 commenced	 at	 1630	 Z	 at	 the	 intersection	 of	 the	 continental	
shelfbreak	(represented	in	Figure	1	by	the	500‐m	isobath,	gray)	with	the	April	17th	
SARAL/AltiKa	 satellite	 groundtrack.	 	 The	 Shana	Rae	 proceeded	 at	 about	 7	 knots	
south‐south‐westward	 along	 the	 track,	 collecting	 ~500‐m‐deep	 profiles	 of	
temperature	and	salinity	every	15‐20	minutes,	for	an	average	horizontal	spacing	of	
4‐5	km.	 	A	brief	stop	was	made	upon	reaching	 the	crossing	point	of	 the	April	15th	





After	 the	deployment	of	6667,	UCTD	sampling	was	 suspended,	 and	 the	Shana	Rae	
made	an	eastward	jaunt	off	the	track	she’d	been	following	to	deploy	EM‐APEX	float	














Following	 completion	 of	 the	 survey,	 UCTD	 sampling	was	 suspended,	 and	 the	 two	
southern	EM‐APEX	floats	were	located	and	recovered:	6675	at	0130	Z	followed	by	
6667	at	0430	Z.			One	of	6667’s	electrodes	was	found	to	be	loose	after	recovery,	and	




to	 the	 intersection	of	 the	northern	boundary	of	 the	survey	box	with	 the	April	17th	
SARAL/AltiKa	 line	 to	 resume	 the	 northward	 UCTD	 transect	 along	 that	 line.		
Sampling	continued	as	far	as	the	deployment	location	of	EM‐APEX	float	6665.		The	







Float	S/N	 6665	 6667	 6675	
Deploy	date	 17	April	2015	 17	April	2015	 18	April	2015	
Deploy	time	(Z)	 1839	 2256	 0037	
Deploy	latitude	 36°	41.14’	N	 36°	07.77’	N	 36°	06.01’	N	
Deploy	longitude	 122°	21.24’	W	 122°	30.88’	W	 122°	15.02’	W	
Recover	date	 20	April	2015	 20	April	2015	 20	April	2015	
Recover	time*	(Z)	 1135	 0430	 0130	
Recover	latitude*	 36°	37.45’	N	 35°	59.65’	N	 35°	52.01’	N	
Recover	longitude*	 122°	26.43’	W	 122°	23.40’	W	 122°	03.01’	W	











UCTD)	 measures	 seawater	 conductivity,	 temperature,	 and	 pressure.	 	 The	 UCTD	
system	consists	of	a	battery‐powered,	 internally	recording	CTD	with	a	tail	spool,	a	
tail‐spool	winder,	 and	 a	winch	 (Figure	 3).	 	 In	 “free	 cast”	mode,	 a	 length	 of	 line	 is	








The	 data	 record	 for	 each	 cast	 is	 stored	 in	 an	 ascii	 (text)	 file	 and	 contains	 the	
pressure,	temperature,	and	conductivity	output	by	the	instrument.	 	The	file	names	
are	based	on	the	date,	approximate	time,	and	the	probe	serial	number;	for	example,	
file	 “041815_134006_SN29.asc”	 was	 collected	 on	 18	 Apr	 2015,	 at	 approximately	
13:40:06	UTC,	using	probe	number	29.		The	header	of	each	file	contains	the	time	the	
instrument	 was	 turned	 on	 (i.e.,	 when	 the	 magnet	 was	 removed),	 and	 the	 scan	















The	 raw	data	were	processed	as	 follows	 to	 form	a	vertically	gridded	product	 that	
was	saved	in	Matlab	and	netCDF	formats.		The	raw	data	is	16	hz,	or	about	4	samples	
per	meter.			Conductivity	has	been	lagged	by	one	scan	(1/16	second)	in	an	attempt	
to	 better	 align	 it	 with	 the	 slower	 temperature	 measurement	 for	 estimation	 of	
salinity	 from	 temperature	 and	 conductivity.	 	 This	 does	 a	 reasonably	 good	 job	 of	
reducing	 the	 salinity	 spiking	 that	 results	 from	 the	 mismatch	 of	 the	
temperature/conductivity	 time	responses	and	 is	adequate	 for	 the	anticipated	uses	
of	 the	data.	Salinity	values	outside	of	32‐36	psu	were	removed	and	filled	by	 linear	
prior	 to	 bin	 averaging.	 	 A	 vertically	 gridded,	 1‐decibar	 (approximately	 1‐m)	 data	
product	was	formed	from	the	lag‐corrected	data	by	bin	averaging‐‐after	lagging	T	by	
one	 sample	 relative	 to	C	and	computing	S,	 all	 samples	between	9.5	dbar	and	10.5	




The	 UCTD	 casts	 were	 taken	 during	 a	 time	 period	 of	 about	 2.5	 days,	 with	 a	
geographic	sampling	that	used	straight	sections.	These	sections	are	shown	in	Fig	4.	
The	 colors	 denote	 the	 different	 sections,	 with	 the	 starting	 point	 of	 the	 section	
represented	 with	 an	 open	 square	 symbol.	 The	 legend	 has	 sections	 numbered	 in	
chronological	 order,	 as	 they	were	 collected.	 The	 two	 longest	 sections	were	 about	















From	 conductivity,	 temperature	 and	 pressure,	 density	 was	 computed	 using	 the	


















legend	 of	 each	 panel	 in	 Fig.	 6.	 	 The	 thermosteric	 part	 of	 the	 dynamic	 height	 is	
dominant	 and	 shown	here.	Thermosteric	dynamic	height	was	 computed	 following	
Pond	and	Pickard	(1983,	p.	10,	66‐67):	
	
del_th = (1000 / (1000 + σt)  -0.97266)*1e-3 
 





















height	 from	 the	 UCTD	 data	 to	 the	 sea	 surface	 height	 (SSH)	 anomaly	 data	 from		
SARAL/AltiKa	and	two	other	SSH	products	(the	gridded	Aviso	product,	Pascual	et	al.,	
2006,	 and	 from	a	 run	of	 the	ROMS	 regional	 ocean	model,	 Chao	 et	 al.,	 2009).	 	 The	
SARAL/AltiKa	 data	 are	 the	 Level	 2	 NRT	 data	 obtained	 from	 PODAAC	 at	 JPL	 (doi:	






























during	 the	UCTD	survey.	 Figure	9	 shows	 the	 initial	deployment	 locations	 (circles)	
and	drifts	of	the	three	floats	over	the	3	day	experiment.	
	
The	 EM‐APEX	 measures	 horizontal	 velocity	 by	 sensing	 the	 electrical	 currents	
produced	by	the	motion	of	the	conducting	seawater	through	the	vertical	component	
of	 the	geomagnetic	 field.	This	method	produces	a	 relative	velocity	profile	because	
the	 depth‐averaged	 water	 velocity	 produces	 an	 opposing	 depth‐independent	
electric	 field.	The	profile	 can	be	made	absolute	using	 the	 surface	GPS	positions	 to	
estimate	the	average	velocity	over	the	float's	profiling	range	and	shifting	the	profile	
accordingly.	Figure	10	shows	the	north	component	(v)	measured	by	the	GPS	and	EM	
methods	 at	 float	 6667.	 In	 spite	 of	 large	 southward	 surface	 velocities	 and	 internal	











Figure	 10:	 Example	 of	meridional	 (v)	 velocity	 timeseries	 at	 EM‐APEX	 6667.	
Cyan	 (drift	while	 at	 the	 surface)	 and	magenta	 (subsurface	 average	between	
surfacings)	 timeseries	 are	 derived	 from	 GPS	 positions	 only,	while	 all	 other	
timeseries	also	incorporate	the	EM	velocity	profile.	Green	dots	represent	the	
shallowest	EM‐APEX	measurement	 (~7.5m	depth)	and	blue	 circles	 show	 the	
upper	 50m	 average.	 Red	 horizontal	 bars	 are	 estimates	 of	 the	 full	 ~3000m	
water	 column	 velocity	 (including	 the	 part	 below	 the	 profiling	 range)	 as	




All	 three	 EM‐APEX	 made	 continuous	 round‐trip	 profiles	 to	 500m	 about	 every	 3	
hours	 for	 at	 least	 a	 day	 before	 transitioning	 to	 shorter	 profiles	 with	 more	 rapid	
repeat	 sampling	 (Figure	 11).	 For	 the	 final	 day,	 the	 profiling	 ranges	 of	 two	 of	 the	
floats	 (6665	 and	 6667)	 were	 controlled	 by	 shore‐side	 software	 using	 a	 dynamic	





Dynamic	 height	 timeseries	 have	 been	 computed	 relative	 to	 500m	 (as	 described	
above)	 for	all	 three	EM‐APEX,	and	are	shown	 in	Figure	12.	Floats	6665	and	6667,	
launched	 at	 about	 36.7	 and	 36.1°N	 along	 the	 Altika	 track	 sampled	 by	 the	 UCTD	
(Fig.7),	saw	a	similar	~7	cm	dynamic	height	difference	between	the	two	sites.	Time‐
varying	 signals	 on	 top	 of	 this	were	 as	 large	 as	 3	 cm	peak‐to‐peak	due	 to	 internal	
tides	 and	 other	 internal	 waves.	 Comparison	 with	 a	 satellite	 altimeter	 analysis	 of	




bound	 internal	 tide	 waves.	 The	 M2	 internal	 tide	 amplitude	 at	 this	 site	 is	
approximately	1.5	cm	peak‐to‐peak,	and	the	instantaneous	range	may	be	enhanced	















Dynamic	 height	 is	 really	 just	 the	 dynamic	 pressure	 difference	 between	 some	













and	 the	 associated	 vertical	 mode	 structure.	 	 From	 left	 to	 right:	 buoyancy	
frequency	 (1/s),	 potential	 density	 (kg/m3),	 vertical	 mode	 structures	 for	
pressure	 and	 horizontal	 velocity	 (dimensionless),	 and	 vertical	 mode	
structures	 for	 vertical	 velocity	 (dimensionless).	 	 The	 third	 panel	 (vertical	
mode	structures	for	pressure)	can	be	used	to	qualitatively	assess	the	extent	to	





The	 limited‐depth	 profiles	 (~500m)	 are	 not	 sufficient	 for	 the	 dynamic	 height	 to	
capture	all	of	the	pressure	signal	at	the	surface.		One	can	get	a	sense	of	the	extent	to	
which	 the	 pressure	 signal	 may	 be	 underestimated	 by	 examining	 the	 baroclinic	
modes	 computed	 from	 (near)	 full	 ocean	 depth	 hydrographic	 data	 in	 the	 region.	
These	 modal	 profiles	 were	 used	 in	 planning	 the	 in	 situ	 work	 for	 AirSWOT	 and	
deciding	on	how	deep	to	make	the	UCTD	and	EM/APEX	float	profiles.			The		vertical	
structure	of	 the	modal	pressure	signals	 is	 in	 the	third	panel	of	Figure	3.	 	The	blue	





value.)		 We	 capture	 more	 of	 the	 signal	 of	 some	 of	 the	 other	 modes	 (fortuitously	
about	100%	of	modes	2,	4,	and	5).		So,	loosely	speaking,	since	most	of	the	signal	in	






There	 are	 probably	 also	 contributions	 from	 barotropic	 variability	 and	 surface	
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           Size:       548x1 
           Dimensions: DEPTH 
           Datatype:   double 
           Attributes: 
                       long_name                  = 'measurement depth' 
                       standard_name              = 'depth' 
                       units                      = 'meters' 
                       positive                   = 'down' 
                       valid_min                  = 0.99269 
                       valid_max                  = 543.2766 
                       reference                  = 'mean_sea_level' 
                       coordinate_reference_frame = 
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                       axis                       = 'Z' 
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    LATITUDE  
           Size:       158x1 
           Dimensions: LATITUDE 
           Datatype:   double 
           Attributes: 
                       long_name                  = 'Mooring anchor 
latitude' 
                       standard_name              = 'latitude' 
                       units                      = 'degrees_north' 
                       valid_min                  = 35.2799 
                       valid_max                  = 36.8966 
                       reference                  = 'WGS84' 
                       coordinate_reference_frame = 
'urn:ogc:crs:EPSG::4326' 
                       uncertainty                = 0.01 
                       axis                       = 'Y' 
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    LONGITUDE 
           Size:       158x1 
           Dimensions: LONGITUDE 
           Datatype:   double 
           Attributes: 
                       long_name                  = 'Mooring anchor 
longitude' 
                       standard_name              = 'longitude' 
                       units                      = 'degrees_east' 
                       valid_min                  = -122.7786 
                       valid_max                  = -122.2967 
                       reference                  = 'WGS84' 
                       coordinate_reference_frame = 
'urn:ogc:crs:EPSG::4326' 
                       uncertainty                = 0.01 
                       axis                       = 'X' 
                       comment                    = 'position at start 
of cast' 
    PRESS     
           Size:       548x1 
           Dimensions: DEPTH 
           Datatype:   double 
           Attributes: 
                       coordinates   = 'DEPTH LATITUDE LONGITUDE' 
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                       long_name     = 'sea water pressure' 
                       standard_name = 'sea_water_pressure' 
                       units         = 'dbar' 
    TEMP      
           Size:       548x158 
           Dimensions: DEPTH,TIME 
           Datatype:   double 
           Attributes: 
                       long_name       = 'sea water temperature' 
                       standard_name   = 'sea_water_temperature' 
                       units           = 'degree_C' 
                       coordinates     = 'TIME DEPTH LATITUDE 
LONGITUDE' 
                       reference_scale = 'ITS-90' 
                       valid_min       = 5 
                       valid_max       = 15 
                       C_format        = '%.5g' 
    PSAL      
           Size:       548x158 
           Dimensions: DEPTH,TIME 
           Datatype:   double 
           Attributes: 
                       long_name       = 'sea water practical salinity' 
                       standard_name   = 'sea_water_practical_salinity' 
                       units           = '1' 
                       coordinates     = 'TIME DEPTH LATITUDE 
LONGITUDE' 
                       reference_scale = 'PSS-78' 
                       valid_min       = 32 
                       valid_max       = 35 
                       comment         = 'In-situ measurement; PSS-78.' 
                       C_format        = '%.4g' 
    CNDC      
           Size:       548x158 
           Dimensions: DEPTH,TIME 
           Datatype:   double 
           Attributes: 
                       coordinates   = 'TIME DEPTH LATITUDE LONGITUDE' 
                       long_name     = 'sea water conductivity' 
                       standard_name = 
'sea_water_electrical_conductivity' 
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           Size:       548x158 
           Dimensions: DEPTH,TIME 
           Datatype:   double 
           Attributes: 
                       coordinates   = 'TIME DEPTH LATITUDE LONGITUDE' 
                       long_name     = 'density' 
                       standard_name = 'sea_water_sigma_t' 
                       units         = 'kg m-3' 
    SIGMA     
           Size:       548x158 
           Dimensions: DEPTH,TIME 
           Datatype:   double 
           Attributes: 
                       coordinates   = 'TIME DEPTH LATITUDE LONGITUDE' 
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                       long_name     = 'potential density relative to 0 
dbar' 
                       standard_name = 'sea_water_potential_density' 
                       units         = 'kg m-3' 
    DYNHT     
           Size:       548x158 
           Dimensions: DEPTH,TIME 
           Datatype:   double 
           Attributes: 
                       coordinates = 'TIME DEPTH LATITUDE LONGITUDE' 
                       long_name   = 'dynamic height (thermosteric)' 
                       units       = 'm' 
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           Size:       158x1 
           Dimensions: TIME 
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>> ncdisp AirSWOT_EMAPEX_ALL_PROFILES.nc 
Source: 








           Created by       = 'Byron F. Kilbourne' 
           Creation date    = '01-Oct-2015 15:51:21' 
           Data description = 'Gridded [2 m] horizontal currents, 
Temperature, and Salinity from EM-APEX used in AirSWOT' 
Dimensions: 
           rows    = 1000 
           columns = 126 
Variables: 
    S     
           Size:       1000x126 
           Dimensions: rows,columns 
           Datatype:   single 
           Attributes: 
                       description = 'salinity' 
                       units       = 'PSU' 
    T     
           Size:       1000x126 
           Dimensions: rows,columns 
           Datatype:   single 
           Attributes: 
                       units       = 'deg C' 
                       description = 'in-situ temperature' 
    U     
           Size:       1000x126 
           Dimensions: rows,columns 
           Datatype:   single 
           Attributes: 
                       units       = 'm s^-1' 
                       description = 'corrected east velocity' 
    V     
           Size:       1000x126 
           Dimensions: rows,columns 
           Datatype:   single 
           Attributes: 
                       units       = 'm s^-1' 
                       description = 'corrected north velocity' 
    time  
           Size:       1000x126 
           Dimensions: rows,columns 
           Datatype:   double 
           Attributes: 
                       units               = 'days' 
                       reference date-time = '0000 1 Jan 0' 
                       description         = 'matlab serial time' 
    UBS   
           Size:       126x1 
           Dimensions: columns 
           Datatype:   single 
           Attributes: 
                       units       = 'm s^-1' 
                       description = 'east component, correction 
velocity determined from GPS positions, included in corrected east 
velocities' 
    VBS   
           Size:       126x1 
           Dimensions: columns 
           Datatype:   single 
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           Attributes: 
                       units       = 'm s^-1' 
                       description = 'north component, correction 
velocity determined from GPS positions, included in corrected north 
velocities' 
    LON   
           Size:       126x1 
           Dimensions: columns 
           Datatype:   single 
           Attributes: 
                       units       = 'decimal deg' 
                       description = 'surface position from GPS' 
    LAT   
           Size:       126x1 
           Dimensions: columns 
           Datatype:   single 
           Attributes: 
                       units       = 'decimal deg' 
                       description = 'surface position from GPS' 
    FLID  
           Size:       126x1 
           Dimensions: columns 
           Datatype:   int16 
           Attributes: 
                       data type = 'Float serial number' 
    depth 
           Size:       1000x1 
           Dimensions: rows 
           Datatype:   single 
           Attributes: 
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